Female animals are protected from many forms of neurological injury and degeneration relative to their male counterparts, in part attributable to their native estrogens. We hypothesized that estradiol aromatized from precursor androgens via the cytochrome P450 aromatase contributes to ischemic neuroprotection in the female. Female homozygous aromatase knock-out (ArKO) mice and randomly cycling, wild-type (WT) female littermates were treated with reversible middle cerebral artery occlusion (90 min; 22 hr reperfusion). Total and regional ischemic damage was greater in female ArKOs (total, 33.5 Ϯ 4.8%; cortical, 47.4 Ϯ 5.7%; striatal, 44.8 Ϯ 7.8%) compared with WT (total, 14.2 Ϯ 5%; cortical, 14.2 Ϯ 4.5%; striatal, 17.5 Ϯ 8%). Baseline blood pressure and intra-ischemic cortical perfusion were comparable in knock-outs and WT, suggesting that vascular factors do not explain ArKO ischemic sensitivity. Injury was smaller in ovariectomized WT than in ArKO, emphasizing that extragonadal local estradiol plays a critical role in females. Similar increases in cortical and striatal damage were observed in female WT mice chronically treated with the aromatase inhibitor fadrozole compared with vehicle-treated control mice. Restoration of plasma 17␤-estradiol to physiological levels completely reversed the ArKO female's susceptibility to injury. These findings indicate that the biosynthetic enzyme P450 aromatase is key to endogenous neuroprotection in females and suggest that enhancing local, nongonadal estrogen formation could have therapeutic implications is ischemic neuropathology.
Introduction
Outcome from experimental stroke and cerebral ischemia is strongly dependent on sex and hormone status. As in women, female animals are protected from ischemic neuronal damage relative to their age-matched male counterparts when confronted with an ischemic stress (Alkayed et al., 1998) . Ischemic injury volume has been correlated with the amount of circulating native estrogens, with the smallest strokes occurring in proestrus when estrogen (E2) levels are highest (Carswell et al., 2000) . Loss of endogenous estrogen, through pharmacological inhibition, surgical ovariectomy, or reproductive senescence, eliminates this benefit (Alkayed et al., 1998 Rusa et al., 1999; Sawada et al., 2000) . The final step in physiological synthesis of 17␤-estradiol is aromatization of precursor testosterone by a CYP 19 gene product, cytochrome P450 estrogen aromatase, in the C 19 steroid metabolic pathway. The role of this biosynthetic enzyme in ischemic injury in the female is not known.
The abundance and activity of the aromatase in rodents and humans have been well characterized in the CNS (for review, see Lephart, 1996; Stoffel-Wagner et al., 1999; Lephart et al., 2001 ). Rodent brain aromatase activity is present in neocortex and archicortex, regionally heterogenous, and likely under developmental regulation (MacLusky et al., 1994) . However, aromatase expression increases in male brain after domoic acid injection, suggesting that injury as well as development stage influence enzyme activity, increasing local tissue estrogen synthesis (Azcoitia et al., 2001 ). We and others have speculated that an important endogenous mechanism of ischemic neuroprotection in the female is intricately involved with recapitulation of developmental patterns of estradiol production and signaling. If so, then loss of P450 aromatase function would play a pivotal role in cell death after cerebral ischemia.
Recently, mice with targeted disruption of exon 9 of the CYP 19 gene [aromatase knock-out (ArKO)] have been developed (Fisher et al., 1998) . Unlike other models of estradiol insufficiency [e.g., estrogen receptor (ER) knock-out mice], ArKOs cannot synthesize estrogen but retain some ability to respond to exogenous estrogen. The ArKO phenotype is characterized as one of low plasma estradiol, elevated testosterone, small atrophic uteri, decreased fertility, increased adiposity, decreased bone mass, and abnormal sexual behavior (Fisher et al., 1998; Robertson et al., 1999; Jones et al., 2000; Oz et al., 2000; Bakker et al., 2002) . Here we test the hypothesis that loss of gonadal and nongonadal estrogen production via the P450 aromatase averts endogenous ischemic neuroprotection in the female brain and increases cell death.
Materials and Methods
Experimental animals. The present study was conducted in accordance with National Institutes of Health guidelines for the care and use of animals in research and under protocols approved by the Animal Care and Use Committee of the Johns Hopkins University. Female age-and weight-matched ArKOs were compared in all protocols with their wildtype (WT) littermates. ArKO mice were generated by targeted disruption of exon 9 of the CYP 19 gene [hybrid 129S6/SvEv (Taconic, Germantown, NY) C57BL/6 background], leading to nondetectable estrogen levels and high levels of gonadotrophins. ArKO females have higher testosterone levels compared with female littermates (testosterone in ArKO, 2350 Ϯ 432 pg/ml; female WT, 260.2 Ϯ 38 pg/ml) but lower levels than those seen in intact males (male WT, 2850 Ϯ 303 pg/ml) (Fisher et al., 1998) . Mice were genotyped by PCR using tail DNA as described previously (Robertson et al., 1999) .
In additional protocols, gonadally intact and ovariectomized (OVX) adult female C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) were treated with saline vehicle or the selective aromatase inhibitor fadrozole (CGS 16949A; 4-(5,6,7,8-tetraydroimidazol [1,5] -pyridin-5-yl) benzonitrile monohydrochloride; generous gift from Novartis, Summit, NJ) via a subscapular osmotic minipump (flow rate of 0.5 l/hr; 0.50 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 for 7 d; Alzet 2002; Alza, Palo Alto, CA) as described previously (Azcoitia et al., 2001) . The rationale for fadrozole dosage and duration of administration was based on its near complete inhibition of enzyme activity in brain (Steele et al., 1987; Bonsall et al., 1992; Wade et al., 1994; Azcoitia et al., 2001) .
Ischemic model. Cerebral ischemia was induced by 90 min of reversible middle cerebral artery occlusion (MCAO) under halothane anesthesia, as described previously (Sampei et al., 2000; Sawada et al., 2000) . Rectal muscle temperatures were monitored with a MONO-THERM system (Mallinckrod Medical, St. Louis, MO) and maintained at ϳ37°C during surgery and ischemia. A midline ventral neck incision was made, and unilateral MCAO was performed by inserting a 6.0 nylon monofilament into the internal carotid artery 6 mm from the internal carotid-pterygopalatine artery bifurcation via an external carotid artery stump. Intraischemic neurological deficit was confirmed and scored as follows: 0, no deficit; 1, forelimb weakness and torso turning to the ipsilateral side when held by tail; 2, circling to affected side; 3, unable to bear weight on affected side; and 4, no spontaneous locomotor activity or barrel rolling. If no deficit was observed, the animal was removed from additional study. At 22 hr of reperfusion, the brain was harvested for pathological examination.
In separate animal cohorts, femoral arterial blood pressure and cortical perfusion [laser Doppler flowmetry (LDF)] were evaluated throughout MCAO and early reperfusion as described previously (Sampei et al., 2000) . Femoral arterial blood gases, glucose, and hemoglobin were measured at baseline and during occlusion.
Terminal histopathology. Infarction volume was analyzed by 2,3,5-triphenyltetrazolium staining in five 2 mm slices. Infarction volume was determined by video microscopy and image analysis (Inquiry 3; Loats Associates, Westminster, MD), as described previously (Sampei et al., 2000) .
Ovariectomy and hormone treatments. Ovariectomy was performed in ArKO WT littermates (experiment 1) or C57BL/6 mice (experiment 2) ϳ2 weeks before ischemia as described previously (Sawada et al., 2000) . Estradiol was delivered by subcutaneous SILASTIC capsule (0.062 inch inner diameter; 0.125 inch outer diameter) filled with either 0.035 ml of sesame oil or 17␤-estradiol (180 g/ml; Sigma) (Dubal et al., 2001 ) beginning 7 d before the experiment. 17␤-Estradiol and total testosterone levels were measured by radioimmunoassay (Diagnostic Products), as described previously .
Statistical analysis. All data are expressed as mean Ϯ SEM. Physiological variables and histology were analyzed by one-way ANOVA with a post hoc Newman-Keuls test to correct for multiple comparisons. Postischemic neurological scores were analyzed by the Mann-Whitney U test. Plasma estradiol values were analyzed by Student's t test.
Results

Physiological parameters are normal in ArKOs and equivalent in all study groups
Baseline arterial blood pressure and physiological parameters were normal in ArKO mice (data not shown). There were no differences during MCAO among treatment groups, and all variables remained within physiological range (Table 1) . In randomly cycling, ovary-intact WT littermates, estradiol levels were 51.3 Ϯ 8.7 pg/ml. As expected, plasma estradiol levels were below assay detection in both ArKOs and ovariectomized WT female mice. Testosterone levels were elevated in ArKO females (ArKO, 1331 Ϯ 486 pg/ml; n ϭ 4) versus WT littermates (117 Ϯ 5.1 pg/ml; n ϭ 5). Estradiol in ArKO females supplemented with exogenous estrogen 1 week before stroke was physiologically relevant (65.1 Ϯ 19 pg/ml). The intra-ischemic laser Doppler flow signal was reduced equivalently in all groups (Fig. 1) . No differences in these variables were present in fadrozole-versus vehicletreated mice (data not shown). As expected, plasma estradiol was lower in fadrozole-treated mice versus saline-treated controls (1.4 Ϯ 0.07 vs 16 Ϯ 4%; p Ͻ 0.01).
Ischemic damage depends in part on extragonadal estradiol; ArKO mice are highly sensitive to cerebral ischemia but respond to exogenous estradiol Premature mortality (death before endpoint) was higher in ArKO (4 of 13 studied) compared with WT (1 of 12 studied). As expected, total, cortical, and striatal ischemic damage was increased in ovariectomized WT females compared with ovaryintact, random cycling WT females (Fig. 2) . Similarly, damage in all brain regions was larger in ArKO versus intact WT females ( p Ͻ 0.01), demonstrating the ischemic vulnerability of ArKO animals with complete loss of 17␤-estradiol biosynthesis. We also compared injury size in the ArKO with that observed in ovariectomized WT as a means of assessing the importance of nonovarian estradiol to ischemic outcome. Total and cortical infarction was increased in ArKO versus ovariectomized WT ( p Ͻ 0.01); however, there was no difference observed in the striatum ( p Ͻ 0.27). Chronic estradiol treatment completely reversed ArKO ischemic vulnerability in all brain areas. Accordingly, infarction volumes in estradiol-treated ArKO were not different from intact WT females. Neurological scores at 22 hr reflected these differences in infarct size; ovary-intact females had low neurological scores of 1.4 Ϯ 0.3, similar to estrogen-treated ArKOs (1.5 Ϯ 0.2), compared with 2.9 Ϯ 0.1 in OVX WT and 3.3 Ϯ 0.3 in ArKO females.
Aromatase inhibitor fadrozole also increases ischemic vulnerability
Mice treated with fadrozole for 7 d before ischemia sustained larger damage as assessed by total ( p Ͻ 0.01), cortical ( p Ͻ 0.01), or striatal infarction volume ( p Ͻ 0.01) relative to vehicle-treated controls (Fig. 3) . Neurological scores at 22 hr reflected differences observed in histological outcome. Consistent with the increased severity of tissue damage, neurological score was increased (worsened) in fadrozole-treated mice (fadrozole, 3.2 Ϯ 0.2 vs vehicle, 1.5 Ϯ 0.2). To further assess the contribution of extragonadally produced E2, ovary-intact C57BL/6 female mice received fadrozole, and ischemic outcome was compared with ovariectomized, saline-treated C57BL/6 females. Fadrozole-treated animals sustained larger total (fadrozole, 49 Ϯ 1.3% vs OVX, 30 Ϯ 1.6%; p Ͻ 0.01), cortical (fadrozole, 59 Ϯ 2.3% vs OVX, 35 Ϯ 1.9%; p Ͻ 0.01), and striatal infarcts (fadrozole, 59.8 Ϯ 3.6% vs OVX, 37 Ϯ 3.6%; p Ͻ 0.01), as well as increased neurological severity scores relative to saline-treated OVX females (fadrozole, 3.4 Ϯ 0.02 vs OVX, 2.6 Ϯ 0.01).
Discussion
This study demonstrates three important findings. First, estradiol synthesized from precursor androgens plays an important role in neuroprotection after stroke. Female ArKO mice have significantly increased ischemic damage in all of the brain areas examined compared with WT randomly cycling littermates. The same result is observed when enzymatic estradiol production is pharmacologically inhibited (fadrozole), suggesting that ArKO sensitivity to ischemic injury is not attributable to properties of the gene deletion technique used in the knock-out model or in ArKO developmental physiology. Although the enzyme has elicited much interest in neurobiology, it is increasingly clear that there is also relevance to trauma (Garcia-Segura et al., 1999), chemical injury (Azcoitia et al., 2001) , and, from the present observations, an apparent role in complex ischemic pathology. After stabwound injury, astroglial aromatase expression increases as part of the repair process (Garcia-Segura et al., 1999) . This source of enhanced estradiol production likely benefits toxin-injured hippocampus (Azcoitia et al., 2001) . Recent reports in normal brain have begun to characterize aromatase localization (e.g., presynaptic boutons) and the cell type initiating aromatization (astrocytes and neurons but not oligodendrocytes) (Balthazart and Ball, 1998) . Regulation of aromatase activity in brain can be rapidly varied by ATP-dependent phosphorylation (Balthazart et al., 2001) , although the specific phosphorylation sites have not yet been identified. Second, physiologically relevant, chronic estradiol replacement in female ArKOs restores neuroprotection to a level equivalent to WT females. The effects of acute steroid exposure or treatment with supraphysiological doses were not examined. ArKO females from conception onward are unable to synthesize estradiol, leading to complex changes in sexual behavior, adiposity, bone mineralization, and reproduction (Fisher et al., 1998; Oz et al., 2000) . These abnormalities are reversible by estradiol if administered in the early postnatal period (Fisher et al., 1998; Misso et al, 2003) , suggesting that control by estradiol availability rather than by rising levels of androgen precursors or by loss of estrone production is responsible for these deficits. This is consistent with our observation that estradiol replacement reverses ischemic vulnerability in these females.
A third finding is the new observation that endogenous extragonadal estradiol production is important to the female for neuroprotection. Although gonadal estrogen loss in ovariectomized females led to an expected exacerbation of ischemic damage, this heightened damage remained less than that observed in Figure 2 . Total and regional infarction [percentage of contralateral (CL) structure] in female mice. ArKO mice had significantly greater ischemic damage in both the cortex (CTX) and caudate-putamen (CP) compared with ovary-intact WT mice. ArKO females also had significantly more total and cortical damage than ovariectomized WT mice. Supplementation of ArKO females with E2 ameliorated ischemic damage to levels seen in intact WT mice. *p Ͻ 0.05; **p Ͻ 0.01). ArKOs with no sites of estradiol biosynthesis. Plasma estradiol was equivalently low in both animal cohorts, suggesting that systemic estradiol delivery with penetration into the ischemic regions cannot explain differences in outcome. To examine the role of extragonadal E2 in animals not genetically altered, we compared ovary-intact fadrozole-treated C57BL/6 females to ovariectomized vehicle-treated females. Similar to ArKO mice, fadrozole-treated C57BL/6 females fared significantly worse after experimental stroke compared with ovariectomized females, again emphasizing the importance of non-ovarian E2 in ischemic neuroprotection. These simple bioassays suggest that local estradiol production alters ischemic pathophysiology. It should be emphasized that female sex steroids can be synthesized from precursor steroids in many cell and tissue types, including adipocytes, bone, vascular endothelium, and brain. In premenopausal women and estrous animals, the principal source of estradiol is ovarian; however, during reproductive senescence, significant amounts of estradiol are produced extragonadally. Central conversion of androgen to estrogen is known to play an important role in many physiological processes, including activation of sex behavior and sexual differentiation of brain in both males and females. In aging, local estrogen synthesis via the aromatase is thought to be important to cognitive function in women (Bulun et al., 1999) . The present data emphasize that local synthesis must be considered in understanding sex steroids and neuropathology. Although the present study did not evaluate male mice, there is some evidence that aromatization plays an important role in the male response to excitotoxic injury (Azcoitia et al., 2001 ). Testosterone or estradiol, but not a non-aromatizable androgen, can reverse hilar neuronal damage after domoic acid injection, whereas genetic or pharmacological enzyme inhibition increases cell death.
Although it is possible that increased testosterone in ArKO females rather than the loss of E2 accounted for increased ischemic injury (experiment 1), this seems unlikely. First, restoration of physiologically relevant E2 levels in the ArKO mice restored completely the neuroprotection enjoyed by WT female littermates. Second, it is unclear whether testosterone exacerbates ischemic injury, and several reports indicate that the androgen is, in fact, protective in cerebral injury (Azcoitia et al., 2001) . Castrated male rats sustain significantly more damage after kainic acid injection than do intact males, an effect reversed by testosterone administration. In vitro, testosterone protects human primary neuronal culture from serum deprivation-induced apoptosis (Hammond et al., 2001) .
As with all transgenic strains, differences in physiology require cautious interpretation of the data. In our experiments, physiological parameters were similar both at baseline and intraischemically in all groups, including cortical LDF. We recognize that LDF is a good objective measure of advent of occlusion and reperfusion but is not fully adequate to quantify regional differences in cerebral blood flow in ArKO versus WT over time. Intraischemic and post-ischemic estrogen has numerous vascular effects (McCullough et al., 2001 ), and we cannot completely exclude the possibility of subtle yet meaningful changes in cortical or striatal blood flow. ArKO mice also have increased adiposity, as well as elevated serum insulin and cholesterol. Serum glucose levels were similar during stroke in all of our animals (Table  1) ; however, the long-term effect of hyperinsulinemia and hypercholesterolemia on stroke recovery is unclear. Last, development in a chronically estradiol-deficient state leads to ER ␣ subtype upregulation (ER␣) in the ArKO forebrain (Agarwal et al., 2000) . Furthermore, post-ischemic upregulation of ER␣ in cortex has been reported previously (Dubal et al., 2001) , an ER that is well represented in the developing brain but sparsely present in adult cortex under ordinary conditions. ER␣ upregulation could be important to our results if "supersensitivity" to estradiol replacement and enhanced ER␣ signaling occur. Our results indicate that there were no differences in ischemic damage between estrogen-replaced ArKOs and ovary-intact WT littermates. This lack of difference suggests that compensatory supersensitivity did not appear to have a large effect.
We confirmed the results in our knock-out mice by pharmacological inhibitor studies using a reversible competitive inhibitor of the P450 aromatase, fadrozole. The effectiveness of this compound in reducing estrogen biosynthesis has been demonstrated both in vivo and in vitro (Steele et al., 1987; Wozniak et al., 1992; Zumpe et al., 1993; Clancy and Michael, 1994; Wade et al., 1994) . Fadrazole reduces aromatase activity in vitro and in vivo in brain homogenates to 99% of baseline after single injection (Wade et al., 1994) . Aromatase inhibitors are currently used in treating estrogen-responsive breast cancer in post-menopausal women, but their nontissue-specific action has led to concern for a detrimental impact in brain and other sites (Simpson et al., 2002) . The present data in rodents would support the possibility that aromatase inhibitors could have negative impact on ischemic pathology in females. However, it should also be recognized that the enzyme is expressed in a tissue-specific manner and that responses to aromatase inhibitors are difficult to predict a priori (Kamat et al., 2002) . For example, the gene CYP 19 contains not only exons 2-10 that code for the protein but several alternative first exons that encode unique and tissue-specific 5Ј untranslated regions. Alternative promoter analysis is actively under investigation for development of new aromatase inhibitors.
At this juncture, estradiol has been widely shown to be an extremely potent neuroprotectant in the laboratory, even when administered after prolonged ischemia and reperfusion (McCullough et al., 2001 ) (for review, see McCullough and Hurn, 2003) ; however, recent clinical trials of estradiol have yielded quite disappointing results (Viscoli et al., 2001 ; Writing Group for the Women's Health Initiative, 2002) . Accordingly, it is important to dissect more carefully the mechanisms behind endogenous neuroprotection supplied by native estrogens. These studies emphasize that, as in sexual behavior and differentiation, non-ovarian estradiol supply (and possibly utilization) can influence ischemic neuronal vulnerability. We conclude that the P450 aromatase plays an important role in endogenous estradiol-mediated protective mechanisms and presents a novel target for neuroprotective therapy in ischemic pathology.
